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ABSTRACT 

To accomplish micro-arcsecond astrometric measurement, stellar interferometers such as SIM 
require the measurement of internal optical path length delay with an accuracy of -10 picometers level. A 
novel common-path laser heterodyne interferometer suitable for this application was proposed and 
demonstrated at P L .  In this paper, we present some of the experimental results from a laboratory 
demonstration unit and design considerations for SIM’s internal metrology beam launcher. 
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1 INTRODUCTION 

The Space Interferometry Mission (SIM) is a space-based optical Michelson interferometer with its 
primary goal of measuring positions and motions of celestial objects. In its simplest form, SIM performs 
relative astrometry between two stars by taking a pair of internal optical path length delay measurements: 
one for each star in turn, as shown in Figure 1. The two delay-line positions are located by searching for the 
maximum fringe amplitude on each star. A key measured quantity is the change in internal delay Ad, 

Ad - F 2 ) ,  - 
where B is the baseline vector (length and orientation) and $, and s2 are unit vectors to the two stars. The 

angular distance between the two stars ( - s2 ) can then be calculated once Ad and B are known. The job 
of internal metrology is to measure Ad. For SIM, Ad must be measured with an accuracy on the order of 10 
picometers in order to achieve 1 microarcsecond astrometry with a 10m baseline. 
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Figure 1. Stellar interferometer for astrometric measurement. The internal delay Ad between two star 
central fringes gives the angular distance between the two stars. 
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Laser heterodyne interferometers have been widely used in high precision displacement 
measurement and also have been the choice for stellar interferometry for measuring internal path delays 
[ 11. Commercial available heterodyne interferometers are limited to about 1-2nm in linear accuracy [2]. 
The well-known error term is cyclic error which happens every integer number U2 of displacement in most 
of the configurations. The cyclic error has been a subject of intensive research [2], and some interesting 
concepts have been demonstrated to beat the cyclic error down to below 1OOpm level [3]. However, these 
concepts are not suited for use in SIM because they are intrinsically sensitive to temperature changes. 

A novel Common-Path Heterodyne Interferometer (COPHI) was proposed at JPL as a multi- 
purpose, high resolution laser interferometer [4-61. Experimental results indicated that very low cyclic error 
(27pm RMS) and good thermal stability (100pm over one hour) can be obtained at the same time with 
COPHI [6 ] .  In this paper, we will first describe the COPHI concept and its use as internal metrology beam 
launcher* for SIM. We will also present some experimental results of one of our laboratory prototypes. In 
Section 4, we will present some analysis and design work toward a flight internal metrology beam launcher 
for SIM. 

2 COMMON-PATH HETERODYNE INTERFEROMETER (COPHI) 

Figure 2 shows COPHI configured as a displacement measuring inerferometer for internal path 
length measurement. It is a laser heterodyne interferometer, where two laser beams with a frequency offset 
Af are collimated with stable collimators. One beam is directed to the measurement target with a beam 
splitter (the top beam at frequencyf, in Figure 2). The interferometer is located at the back end of the 
astrometric beam combiner, so that the measurement beam passes through the beam combiner and travels 
toward the star. We place a pair of masks after the beam combiner, one in each arm. The two masks are 
complimentary, with one selecting only the central portion of the measurement beam, while the other mask 
selecting an annular part of the beam. As shown in Figure 2, the central beam travels in Arm #2 and the 
annular beam travels in Arm #l. These two beams are then retro-reflected back to the interferometer by 
comer cubes #1 and #2, respectively. These two measurement beams are spatially separated with a guard 
band to reduce cross-talk contamination due to diffraction. The second laser beam (reference beam) at 
frequencyf, +AJ; which serves as a local oscillator, then interferes with both measurement beams at the 
second beam splitter. The two spatially separated fringes are then directed to their own photodiodes with 
the use of a truncated mirror. The phase difference (A$) between the reference and measurement signals 
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Figure 2. Schematic of a common-path heterodyne interferometer, configured for internal path length 
measurement. 
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* The term “beam launcher” refers to laser interferometer for path length measurement in SIM. 



is then used to calculate the displacement (Ad) between the fiducials: 

A d = - -  A W  
2n 2 ’  

where h is the laser wavelength. 
One obvious advantage of using COPHI is that the internal path delay is measured directly with 

only one interferometer. In conventional internal path length measurement, two interferometers are used to 
measure the path length in two arms separately [ 11. The internal path delay is then the difference of the two 
measurements. Two sets of phase measurement electronics are needed. The use of COPHI to measure 
internal path delay reduces the number of beam launchers and the number of phase measurement 
electronics to only one set. 

The second advantage of using COPHI for internal path delay measurement is that the alignment 
process of the stellar interferometer becomes simpler. To measure the starlight path length accurately, the 
laser metrology beam and starlight beam must be parallel and the beams from Arm #1 and Arm #2 must be 
parallel at the astrometric beam combiner, both to be better than l p a d .  Since the measurement beams from 
COPHI are derived from the same collimated wavefront, they are intrinsically parallel. This feature reduces 
the number of precise alignments in SIM. It also makes it possible to use the COPHI beams as an alignment 
reference for pointing the two starlight arms. 

COPHI also has much smaller nonlinear errors as compared with traditional interferometers. The 
once largest error source for cyclic error, namely polarization leakage is no longer an issue in COPHI. 
Since the wavefronts are spatially separated, diffraction may cause crosstalk, thus cyclic error in the 
measurement. Practically, several simple methods such as baffle to isolate the beams, re-imaging of the 
mask onto truncated mirror, etc. are quite effective. In addition to these measures, the local oscillator serves 
as a “spatial filter”, which further rejects the contribution of stray light when interfering with the 
measurement beams. This is because the diffracted beam tends to have a high angular frequency, therefore 
poor fringe visibility when interfering with a clean local oscillator reference beam. Both analysis and 
laboratory demonstration have confirmed that the diffraction induced cyclic error can be controlled to 
lOpm level with a proper guard band between the two wavefront portions. This represents about a factor of 
100 in improvement over traditional interferometers. 

In COPHI, the wavefront of the measurement beam is split into two symmetric portions, with 
minimum lateral offset between the two beams. They are referenced to the same reference beam (the local 
oscillator). The two signals are common-path except that they pass through different parts of the same 
optics. Therefore, good thermal stability can be achieved without using any compensating optics. 

3 LABORATORY DEMONSTRATION 

In the last two years, we have designed, built and tested several laboratory prototypes based on 
COPHI concept for various testbeds [6-91. In this section, we will describe the SAVV (sub-aperture vertex 
to vertex) interferometer we developed for the Micro-Arcsecond Metrology (MAM) testbed at JPL. 

MAM testbed is part of SIM technology development program aimed at demonstrating micro- 
arcsecond astrometry, i.e., picometer path length measurement in a laboratory environment. Internal 
metrology based on traditional polarization type interferometers in MAM has proved to be much more 
difficult than anticipated [lo-121. SAVV was proposed to address the urgent need for picometer class path 
length measurement in MAM in late 2000. The first prototype was built with commercial off-the-shelf 
(COTS) optics. 

Figures 3 and 4 show the schematic layout and picture of the first SAVV interferometer. 
Commercial off-the-shelf doublet collimating lenses are used to collimate the laser beams. To minimize 
thermal drift error caused by collimator de-spacing, we use a four-quadrant mask pattern, as shown in 
Figure 5.  The collimator de-spacing then becomes a common-mode error, because the measurement beams 
are on the same radius. The vertical pair and horizontal pair are used in the two arms of the MAM 
interferometer, selected by a pair of masks shown in Figure 6. Because the diffraction is minimum along 
the diagonals in the square mask, we select square beam patterns for each beam. Therefore, crosstalk 
between the vertical and horizontal pairs also becomes minimum. A pair of Risley prisms are used in fine 
alignment (lprad) of the reference beam (local oscillator) to be parallel to the measurement beams. Two 



picomotor rotary stages (New Focus) are used to achieve fine adjustment and also remote alignment to 
correct for any drift when the interferometer is used in vacuum. 

The cyclic error of SAVV was measured with a standard linear long stroke approach, in which one 
of the two corner cubes was translated with a PZT. The linear path length modulation is much longer than 
one wavelength, therefore, any cyclic error can be detected by looking at the power spectrum of the 
displacement result. In our experiment, the laser wavelength is 1.3 19 pm, and the total stroke of the PZT is 
about 40pm with a triangle wave modulation at 0.05Hz. Thus cyclic error with h/2 periodicity can be found 
at about 3.5Hz in the spectral domain. 
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Figure 3. SAVV schematic. 
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Figure 5. Four square beams are selected 
from the collimated beam with a quadrant 
mask in SAVV. 

Figure 4. Picture of a SAVV prototype 
interferometer. 

Figure 6. A two-hole mask in Arm #1 selects a horizontal pair 
of the quadrant beams. In Arm #2, an identical mask rotated by 
90 degrees selects the vertical beams. T h e  central 
obscuration in starlight is used for laser metrology for path 
delay measurement 

. . '.. 

Figure 7-a shows the measured displacement of the PZT. We select an arbitrary linear 
displacement, e.g., between 44 and 61 seconds in Figure 7 for analysis. Figure 7-b shows its residual after 
removing its linear to 4" order terms. The power spectral density of the residual is calculated and plotted in 
Figure 8-a, in which the peak at 3.8Hz indicates the existence of h/2 periodic nonlinear error. The total 
energy of this cyclic error is estimated to be about 4500pm2, which translates into a periodic nonlinear error 
of only 67pm RMS (figure 8-b). This result exceeds MAM's requirement for lOOpm cyclic error. 



Figure 7. Linear displacement over many laser 
wavelengths to detect cyclic error in SAVV. The 
bottom plot shows the residual after removing its 
DC to 4th order polynomial terms. 

Figure 8. Power spectral density of Figure 7-b. The 
peak at 3.8Hz is attributed to SAVV cyclic error. 
The accumulated PSD data (bottom) indicates the 
cyclic error is about 67pm RMS. 

The cyclic error measurement result was then checked against wave optics diffraction model. In 
the model, the diffraction effects of both beams at various mask apertures are calculated. Diffraction results 
in cross-talk between the two photo detectors, which in turn causes error in average phase of each signal. 
The calculated cyclic error in the SAVV measurement setup is plotted in Figure 9. The calculations indicate 
that the cyclic error of SAVV beam launcher is less than 10 pm RMS. The difference between the 
measurement and calculation may be attributed to other sources of cyclic error such as electronics cross- 
talk between the two signals, fiber tip back scattering causing a contamination of the two measurement 
beams, and alignment errors in SAVV. 
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Figure 9. Calculated cyclic error for the SAVV measurement setup. This calculation assumes perfect 
alignment and considers only the effect of diffraction. 

SAVV's temperature sensitivity was measured, using the lab ambient temperature fluctuation 
(-1°C) as a source to drive SAVV temperature. In the measurement, a corner cube was placed in front of 
SAVV, all four beams are reflected from this corner cube. Sending all the measurement beams to the same 
corner cube ensures no path length drift in the fiducial. Thus, any errors in the readout can be attributed to 
the interferometer. The thermal stability results are shown in Figures 10 and 11. The results indicate that 
SAVV even built with COTS, has a good thermal stability, less than 4 n d K  at room temperature. It can 
also be seen from Figure 10 that, SAVV drift is highly correlated with the change in temperature gradient. 



Gradient fluctuations in the middle of the measurement were caused by the air conditioning ordoff in the 
lab. The flight environment will not have this type of temperature fluctuations. 
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Figure 10. SAVV drift vs. bulk temperature. Figure 11. SAVV drift vs. temperature gradient. 

4 DESIGN CONSIDERATIONS FOR SIM 

The COPHI concept has been successfully demonstrated in ground testbeds and it has been 
selected as the baseline concept for SIM flight internal metrology. In this section, we will present some of 
the design considerations for a flight SIM internal metrology interferometer. 

One of the differences between ground testbeds (e.g., MAM) and SIM is the total path length that 
metrology beams and starlight travel. In MAM, the star light path length is 5 meters, and in SIM the path 
length is about 10-20 meters. In addition, there will be a beam compressor in SIM, where the metrology 
beam will be magnified by 7x. Due to diffraction over long path lengths, the metrology beam expands and 
requires a relatively large comer cube on the siderostat (SID). On the other hand, a small corner cube is 
preferred to meet the starlight throughput requirement. Therefore, the flight internal metrology beam size 
becomes an important aspect of the SIM beam launcher design. 

In addition to the beam size constraints set by the corner cube size, the throughput is also an 
important issue. The four-quadrant beam configuration in MAM internal metrology has the drawback of 
low light efficiency, since only a few percent of the light is used in the four-quadrant from the collimated 
beam. 

In SIM internal metrology, we plan to use the COPHI configuration, with concentric beams, an 
annulus and a core, as we described in Section 2 in Figure 2. The layout of SIM internal beam launcher is 
shown in Figure 12. Low thermal expansion materials such as Zerodur or ULE are used to make the 
collimator optics (off-axis parabolas and spacers) to ensure thermal stability of the collimated beams. De- 
spacing of the collimator will cause a focus error in the wavefront, thus an error between the core and 
annular beams. To some extent, this is a common-mode error, since both collimators will experience 
similar amount of de-space to thermal soak fluctuations. 
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Figure 12. Schematic of internal metrology beam launcher for SIM. The astrometric beam combiner optic 
and the masks that separate the measurement beams into core and annulus portions are at the lower right 
corner (not shown). 

The SIM internal metrology launcher is located inside of the Astrometric Beam Combiner (ABC), 
where a truncated mirror behind the main beam combiner optics is used to inject the internal metrology 
measurement beams into the starlight optics train 1131. The truncated mirror reflects the annular starlight to 
the starlight camera. A pair of alignment mirrors (periscope) are used to align the metrology beam with the 
starlight, both in pointing and in overlap. It is much easier to actuate the alignment mirrors than to actuate 
the beam launcher or starlight optics. After the metrology measurement beam enters the main beam 
combiner, the beam is then spatially selected into a core beam and an annulus beam separately into two 
starlight arms with the use of a pair of concentric masks. These two spatially separated beams then 
propagate along each arm of the starlight optics. Upon reflecting off the corner cubes, the two measurement 
beams return to the ABC and enters internal beam launcher. The local oscillator beam (fiber #2) is aligned 
with both the core and annulus measurement beams at the second beam splitter (BS #2). Before the two 
measurement beams are combined at the beam combiner, they propagate independently in each arm of 
SIM. The beam diffraction does not introduce cross-talk between them. After returning to the masks at the 
beam combiner (ABC), the two measurement beams co-propagate and diffraction will cause cross-talk. 
This happens only between the masks and the scraper mirror, which we use to separate the two fringes. To 
beat the cyclic error down to the lOpm level, one needs the cross-talk to be less than -80dB. To “reverse” 
the diffraction effect, we use an imaging system whose two conjugates are the masks and the scraper 
mirror. By using the imaging approach, the two fringes are separated with smaller cross-talk, thus lower 
cyclic error. In Figure 12, the “mask imager” is a 3-element, all-spherical, reflective, lx imaging system. 
The effects of aberration, aperture, and scattering to fringe cross-talk are now under detailed study. 

As mentioned previously, the SID corner cube clear aperture places an upper limit on the 
metrology beam diameter. If one collimates the measurement beam to infinity, then the beam diameter may 
be larger than the corner cube. In the SIM internal metrology launcher, we propose to “focus” the laser 
beams on the SID corner cube. In other words, instead of collimating the laser beams to infinity (finite-to- 
infinite conjugates), we align the fibers in the collimator to form finite-to-finite conjugates. By doing so, 
the beam waist where the smallest beam diameter occurs is located at the SID corner cube. Figures 13 and 
14 shows an example of beam profiles at different locations. The path length used in this calculation is 8m 
single-pass. The final path length in SIM is yet to be defined. From the plots, we can see that the core beam 



has less diffraction rings, whereas the annulus beam has more diffraction rings due to the inner and out 
apertures. Both the core and annulus beams have a smaller footprint on the SID corner cube. Upon 
returning back to the ABC, the diffraction rings are cleaned up by the masks at the beam combiner (ABC). 
With the use of mask imager, the beam profiles at the scraper mirror look nice and clean (Figure 15). 
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Figure 13. Beam intensity profiles of the core beam at several distances. Left: after the ABC 
masks traveling to SID. Center: at the SID. Note the clear aperture of the corner cube selects only the 
central portion of the diffracted beam. Right: back to the AI3C masks after a round trip. 

Figure 14. Beam intensity profiles of the annulus beam at several distances. Left: after the ABC masks 
traveling to SID. Center: at the SID. Note the annulus beam focuses into a smaller spot on SID corner cube. 
Right: back to the ABC masks after a round trip. 
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Figure 15. Co-propagating core and annulus beams. 

mm 

Left: after the round trip and combined at the 
astrometric beam combiner. Right: image at the scraper mirror with the use of mask imager. 



The effect of using “finite-to-finite” conjugate ratio in the collimator has a large impact on the 
beam size on SID corner cube. It allows us to use smaller corner cube on SID, thus improve the starlight 
throughput. Then the question arises: does the focused beam introduce any error in the average phase in the 
metrology beam as the path length varies? To answer this question, we have calculated the effect using 
wave optics diffraction model. The analysis results are plotted in Figure 15, where for both cases, focused 
and unfocused, there is a quasi-linear deviation from geometric distances. The deviation from geometric 
case is caused by the fact that both beams have finite beam sizes, thus diffraction occurs in both focused 
and unfocused beams. This diffraction-induced term in path length measurement is a subject of other 
papers [ 141, and readers are referred to the calibration of this term for SIM. In Figure 15, the two traces for 
focused and unfocused beams have some differences, but there is no effect on how the calibration will be 
carried out in SIM. 

Figure 16. Deviation from geometric distances due to diffraction in both focused and unfocused 
measurement beams. The horizontal axis represents the internal delay positions. 

5 SUMMARY 
We have developed and demonstrated an internal metrology beam launcher concept for the Space 

Interferometry Mission. The concept is based on common-path heterodyne interferometer (COPHI) 
developed at JPL. The use of spatial separation of measurement beams significantly reduces the cyclic 
error. Experimental results from laboratory demonstration units have shown encouraging results (cyclic 
error -67pm RMS). Calculations based on wave optics diffraction model also indicate that the diffraction in 
spatially separated measurement beams results in -10 pm level cyclic error. We have also identified a 
simple approach to reduce the beam sizes over long distances due to diffraction. 
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1 INTRODUCTION 

The Space Interferometry Mission (SIM) is a space-based optical Michelson interferometer with its 
primary goal of measuring positions and motions of celestial objects. In its simplest form, SIM performs 
relative astrometry between two stars by taking a pair of internal optical path length delay measurements: 
one for each star in turn, as shown in Figure 1. The two delay-line positions are located by searching for the 
maximum fringe amplitude on each star. A key measured quantity is the change in internal delay Ad, 

w z i T m  
A d = B . ( s ,  - s , ) ,  

W W W 

where B is the baseline vector (length and orientation) and and s2 are unit vectors to the two stars. The 

angular distance between the two stars ( s1 - s2 ) can then be calculated once Ad and B are known. The job 
of internal metrology is to measure Ad. For SIM, Ad must be measured with an accuracy on the order of 10 
picometers in order to achieve 1 microarcsecond astrometry with a 10m baseline. 
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Figure 1. Stellar interferometer for astrometric measurement. The internal delay Ad between two star 
central fringes gives the angular distance between the two stars. 
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Laser heterodyne interferometers have been widely used in high precision displacement 
measurement and also have been the choice for stellar interferometry for measuring internal path delays 
[ 11. Commercial available heterodyne interferometers are limited to about 1-2nm in linear accuracy [2]. 
The well-known error term is cyclic error which happens every integer number W2 of displacement in most 
of the configurations. The cyclic error has been a subject of intensive research [ 2 ] ,  and some interesting 
concepts have been demonstrated to beat the cyclic error down to below lOOpm level [3]. However, these 
concepts are not suited for use in SIM because they are intrinsically sensitive to temperature changes. 

A novel Common-Path Heterodyne Interferometer (COPHI) was proposed at JPL as a multi- 
purpose, high resolution laser interferometer [4-61. Experimental results indicated that very low cyclic error 
(27pm RMS) and good thermal stability (100pm over one hour) can be obtained at the same time with 
COPHI [6].  In this paper, we will first describe the COPHI concept and its use as internal metrology beam 
launcher* for SIM. We will also present some experimental results of one of our laboratory prototypes. In 
Section 4, we will present some analysis and design work toward a flight internal metrology beam launcher 
for SIM. 

2 COMMON-PATH HETERODYNE INTERFEROMETER (COPHI) 

Figure 2 shows COPHI configured as a displacement measuring inerferometer for internal path 
length measurement. It is a laser heterodyne interferometer, where two laser beams with a frequency offset 
Af are collimated with stable collimators. One beam is directed to the measurement target with a beam 
splitter (the top beam at frequency fo in Figure 2). The interferometer is located at the back end of the 
astrometric beam combiner, so that the measurement beam passes through the beam combiner and travels 
toward the star. We place a pair of masks after the beam combiner, one in each arm. The two masks are 
complimentary, with one selecting only the central portion of the measurement beam, while the other mask 
selecting an annular part of the beam. As shown in Figure 2,  the central beam travels in Arm #2 and the 
annular beam travels in Arm #l. These two beams are then retro-reflected back to the interferometer by 
corner cubes #1 and #2, respectively. These two measurement beams are spatially separated with a guard 
band to reduce cross-talk contamination due to diffraction. The second laser beam (reference beam) at 
frequency fo + A 5  which serves as a local oscillator, then interferes with both measurement beams at the 
second beam splitter. The two spatially separated fringes are then directed to their own photodiodes with 
the use of a truncated mirror. The phase difference (A$) between the reference and measurement signals 
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Figure 2. Schematic of a common-path heterodyne interferometer, configured for internal path length 
measurement. 

* The term “beam launcher” refers to laser interferometer for path length measurement in SIM. 



is then used to calculate the displacement (Ad) between the fiducials: 

where ?L is the laser wavelength. 
One obvious advantage of using COPHI is that the internal path delay is measured directly with 

only one interferometer. In conventional internal path length measurement, two interferometers are used to 
measure the path length in two arms separately [ 11. The internal path delay is then the difference of the two 
measurements. Two sets of phase measurement electronics are needed. The use of COPHI to measure 
internal path delay reduces the number of beam launchers and the number of phase measurement 
electronics to only one set. 

The second advantage of using COPHI for internal path delay measurement is that the alignment 
process of the stellar interferometer becomes simpler. To measure the starlight path length accurately, the 
laser metrology beam and starlight beam must be parallel and the beams from Arm #1 and Arm #2 must be 
parallel at the astrometric beam combiner, both to be better than lprad. Since the measurement beams from 
COPHI are derived from the same collimated wavefront, they are intrinsically parallel. This feature reduces 
the number of precise alignments in SIM. It also makes it possible to use the COPHI beams as an alignment 
reference for pointing the two starlight arms. 

COPHI also has much smaller nonlinear errors as compared with traditional interferometers. The 
once largest error source for cyclic error, namely polarization leakage is no longer an issue in COPHI. 
Since the wavefronts are spatially separated, diffraction may cause crosstalk, thus cyclic error in the 
measurement. Practically, several simple methods such as baffle to isolate the beams, re-imaging of the 
mask onto truncated mirror, etc. are quite effective. In addition to these measures, the local oscillator serves 
as a “spatial filter”, which further rejects the contribution of stray light when interfering with the 
measurement beams. This is because the diffracted beam tends to have a high angular frequency, therefore 
poor fringe visibility when interfering with a clean local oscillator reference beam. Both analysis and 
laboratory demonstration have confirmed that the diffraction induced cyclic error can be controlled to 
lOpm level with a proper guard band between the two wavefront portions. This represents about a factor of 
100 in improvement over traditional interferometers. 

In COPHI, the wavefront of the measurement beam is split into two symmetric portions, with 
minimum lateral offset between the two beams. They are referenced to the same reference beam (the local 
oscillator). The two signals are common-path except that they pass through different parts of the same 
optics. Therefore, good thermal stability can be achieved without using any compensating optics. 

3 LABORATORY DEMONSTRATION 

In the last two years, we have designed, built and tested several laboratory prototypes based on 
COPHI concept for various testbeds [6-91. In this section, we will describe the SAVV (sub-aperture vertex 
to vertex) interferometer we developed for the Micro-Arcsecond Metrology (MAM) testbed at JPL. 

MAM testbed is part of SIM technology development program aimed at demonstrating micro- 
arcsecond astrometry, i.e., picometer path length measurement in a laboratory environment. Internal 
metrology based on traditional polarization type interferometers in MAM has proved to be much more 
difficult than anticipated [lo-121. SAVV was proposed to address the urgent need for picometer class path 
length measurement in MAM in late 2000. The first prototype was built with commercial off-the-shelf 
(COTS) optics. 

Figures 3 and 4 show the schematic layout and picture of the first SAVV interferometer. 
Commercial off-the-shelf doublet collimating lenses are used to collimate the laser beams. To minimize 
thermal drift error caused by collimator de-spacing, we use a four-quadrant mask pattern, as shown in 
Figure 5. The collimator de-spacing then becomes a common-mode error, because the measurement beams 
are on the same radius. The vertical pair and horizontal pair are used in the two arms of the MAM 
interferometer, selected by a pair of masks shown in Figure 6. Because the diffraction is minimum along 
the diagonals in the square mask, we select square beam patterns for each beam. Therefore, crosstalk 
between the vertical and horizontal pairs also becomes minimum. A pair of Risley prisms are used in fine 
alignment (lprad) of the reference beam (local oscillator) to be parallel to the measurement beams. Two 



picomotor rotary stages (New Focus) are used to achieve fine adjustment and also remote alignment to 
correct for any drift when the interferometer is used in vacuum. 

The cyclic error of SAVV was measured with a standard linear long stroke approach, in which one 
of the two corner cubes was translated with a PZT. The linear path length modulation is much longer than 
one wavelength, therefore, any cyclic error can be detected by looking at the power spectrum of the 
displacement result. In our experiment, the laser wavelength is 1.319 pm, and the total stroke of the PZT is 
about 40pm with a triangle wave modulation at 0.05Hz. Thus cyclic error with M 2  periodicity can be found 
at about 3.5Hz in the spectral domain. 
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Figure 3. SAVV schematic. 

Figure 5. Four square beams are 
selected from the collimated beam 
with a quadrant mask in SAVV. 

Figure 4. Picture of a SAVV prototype 
interferometer. 
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Figure 6. A two-hole mask in Arm #1 selects a horizontal pair of 
the quadrant beams. In Arm #2, an identical mask rotated by 90 
degrees selects the vertical beams. The central obscuration in 
starlight is used for laser metrology for path delay measurement. 

Figure 7-a shows the measured displacement of the PZT. We select an arbitrary linear 
displacement, e.g., between 44 and 61 seconds in Figure 7 for analysis. Figure 7-b shows its residual after 
removing its linear to 4" order terms. The power spectral density of the residual is calculated and plotted in 
Figure 8-a, in which the peak at 3.8Hz indicates the existence of M 2  periodic nonlinear error. The total 
energy of this cyclic error is estimated to be about 4500pm2, which translates into a periodic nonlinear error 
of only 67pm RMS (figure 8-b). This result exceeds MAM's requirement for 100pm cyclic error. 



Figure 7. Linear displacement over many laser 
wavelengths to detect cyclic error in SAVV. The 
bottom plot shows the residual after removing its 
DC to 4th order polynomial terms. 
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Figure 8. Power spectral density of Figure 7-b. The 
peak at 3.8Hz is attributed to SAVV cyclic error. 
The accumulated PSD data (bottom) indicates the 
cyclic error is about 67pm RMS. 
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The cyclic error measurement result was then checked against wave optics diffraction model. In 
the model, the diffraction effects of both beams at various mask apertures are calculated. Diffraction results 
in cross-talk between the two photo detectors, which in turn causes error in average phase of each signal. 
The calculated cyclic error in the SAVV measurement setup is plotted in Figure 9. The calculations indicate 
that the cyclic error of SAVV beam launcher is less than 10 pm RMS. The difference between the 
measurement and calculation may be attributed to other sources of cyclic error such as electronics cross- 
talk between the two signals, fiber tip back scattering causing a contamination of the two measurement 
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Figure 9. Calculated cyclic error for the SAVV measurement setup. This calculation assumes perfect 
alignment and considers only the effect of diffraction. 

SAVV's temperature sensitivity was measured, using the lab ambient temperature fluctuation 
(-1°C) as a source to drive SAVV temperature. In the measurement, a corner cube was placed in front of 
SAVV, all four beams are reflected from this corner cube. Sending all the measurement beams to the same 



corner cube ensures no path length drift in the fiducial. Thus, any errors in the readout can be attributed to 
the interferometer. The thermal stability results are shown in Figures 10 and 11. The results indicate that 
SAVV even built with COTS, has a good thermal stability, less than 4 n d K  at room temperature. It can 
also be seen from Figure 10 that, SAVV drift is highly correlated with the change in temperature gradient. 
Gradient fluctuations in the middle of the measurement were caused by the air conditioning ordoff in the 
lab. The flight environment will not have this type of temperature fluctuations. 
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Figure 10. SAVV drift vs. bulk temperature. Figure 1 1. SAVV drift vs. temperature gradient. 

4 DESIGN CONSIDERATIONS FOR SIM 

The COPHI concept has been successfully demonstrated in ground testbeds and it has been 
selected as the baseline concept for SIM flight internal metrology. In this section, we will present some of 
the design considerations for a flight SIM internal metrology interferometer. 

One of the differences between ground testbeds (e.g., MAM) and SIM is the total path length that 
metrology beams and starlight travel. In MAM, the star light path length is 5 meters, and in SIM the path 
length is about 10-20 meters. In addition, there will be a beam compressor in SIM, where the metrology 
beam will be magnified by 7x. Due to diffraction over long path lengths, the metrology beam expands and 
requires a relatively large corner cube on the siderostat (SID). On the other hand, a small corner cube is 
preferred to meet the starlight throughput requirement. Therefore, the flight internal metrology beam size 
becomes an important aspect of the SIM beam launcher design. 

In addition to the beam size constraints set by the corner cube size, the throughput is also an 
important issue. The four-quadrant beam configuration in MAM internal metrology has the drawback of 
low light efficiency, since only a few percent of the light is used in the four-quadrant from the collimated 
beam. 

In SIM internal metrology, we plan to use the COPHI configuration, with concentric beams, an 
annulus and a core, as we described in Section 2 in Figure 2. The layout of SIM internal beam launcher is 
shown in Figure 12. Low thermal expansion materials such as Zerodur or ULE are used to make the 
collimator optics (off-axis parabolas and spacers) to ensure thermal stability of the collimated beams. De- 
spacing of the collimator will cause a focus error in the wavefront, thus an error between the core and 
annular beams. To some extent, this is a common-mode error, since both collimators will experience 
similar amount of de-space to thermal soak fluctuations. 
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Figure 12. Schematic of internal metrology beam launcher for SIM. The astrometric beam combiner optic 
and the masks that separate the measurement beams into core and annulus portions are at the lower right 
corner (not shown). 

The SIM internal metrology launcher is located inside of the Astrometric Beam Combiner (ABC), 
where a truncated mirror behind the main beam combiner optics is used to inject the internal metrology 
measurement beams into the starlight optics train [13]. The truncated mirror reflects the annular starlight to 
the starlight camera. A pair of alignment mirrors (periscope) are used to align the metrology beam with the 
starlight, both in pointing and in overlap. It is much easier to actuate the alignment mirrors than to actuate 
the beam launcher or starlight optics, After the metrology measurement beam enters the main beam 
combiner, the beam is then spatially selected into a core beam and an annulus beam separately into two 
starlight arms with the use of a pair of concentric masks. These two spatially separated beams then 
propagate along each arm of the starlight optics. Upon reflecting off the corner cubes, the two measurement 
beams return to the ABC and enters internal beam launcher. The local oscillator beam (fiber #2) is aligned 
with both the core and annulus measurement beams at the second beam splitter (BS #2) .  Before the two 
measurement beams are combined at the beam combiner, they propagate independently in each arm of 
SIM. The beam diffraction does not introduce cross-talk between them. After returning to the masks at the 
beam combiner (ABC), the two measurement beams co-propagate and diffraction will cause cross-talk. 
This happens only between the masks and the scraper mirror, which we use to separate the two fringes. To 
beat the cyclic error down to the lOpm level, one needs the cross-talk to be less than -80dB. To “reverse” 
the diffraction effect, we use an imaging system whose two conjugates are the masks and the scraper 
mirror. By using the imaging approach, the two fringes are separated with smaller cross-talk, thus lower 
cyclic error. In Figure 12, the “mask imager” is a 3-element, all-spherical, reflective, l x  imaging system. 
The effects of aberration, aperture, and scattering to fringe cross-talk are now under detailed study. 

As mentioned previously, the SID corner cube clear aperture places an upper limit on the 
metrology beam diameter. If one collimates the measurement beam to infinity, then the beam diameter may 
be larger than the corner cube. In the SIM internal metrology launcher, we propose to “focus” the laser 
beams on the SID corner cube. In other words, instead of collimating the laser beams to infinity (finite-to- 
infinite conjugates), we align the fibers in the collimator to form finite-to-finite conjugates. By doing so, 
the beam waist where the smallest beam diameter occurs is located at the SID corner cube. Figures 13 and 
14 shows an example of beam profiles at different locations. The path length used in this calculation is 8m 
single-pass. The final path length in SIM is yet to be defined. From the plots, we can see that the core beam 



has less diffraction rings, whereas the annulus beam has more diffraction rings due to the inner and out 
apertures. Both the core and annulus beams have a smaller footprint on the SID corner cube. Upon 
returning back to the ABC, the diffraction rings are cleaned up by the masks at the beam combiner (ABC). 
With the use of mask imager, the beam profiles at the scraper mirror look nice and clean (Figure 15). 
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Figure 13. Beam intensity profiles of the core beam at several distances. Left: after the ABC 
masks traveling to SID. Center: at the SID. Note the clear aperture of the corner cube selects only the 
central portion of the diffracted beam. Right: back to the ABC masks after a round trip. 
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Figure 14. Beam intensity profiles of the annulus beam at several distances. Left: after the ABC masks 
traveling to SID. Center: at the SID. Note the annulus beam focuses into a smaller spot on SID corner cube. 
Right: back to the ABC masks after a round trip. 

Figure 15. Co-propagating core and annulus beams. Left: after the round trip and combined at the 
astrometric beam combiner. Right: image at the scraper mirror with the use of mask imager. 



The effect of using “finite-to-finite’’ conjugate ratio in the collimator has a large impact on the 
beam size on SID corner cube. It allows us to use smaller corner cube on SID, thus improve the starlight 
throughput. Then the question arises: does the focused beam introduce any error in the average phase in the 
metrology beam as the path length varies? To answer this question, we have calculated the effect using 
wave optics diffraction model. The analysis results are plotted in Figure 15, where for both cases, focused 
and unfocused, there is a quasi-linear deviation from geometric distances. The deviation from geometric 
case is caused by the fact that both beams have finite beam sizes, thus diffraction occurs in both focused 
and unfocused beams. This diffraction-induced term in path length measurement is a subject of other 
papers [14], and readers are referred to the calibration of this term for SIM. In Figure 15, the two traces for 
focused and unfocused beams have some differences. but there is no effect on how the calibration will be 
carried out in SIM. 
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Figure 16. Deviation from geometric distances due to diffraction in both focused and unfocused 
measurement beams. The horizontal axis represents the internal delay positions. 

5 SUMMARY 
We have developed and demonstrated an internal metrology beam launcher concept for the Space 

Interferometry Mission. The concept is based on common-path heterodyne interferometer (COPHI) 
developed at JPL. The use of spatial separation of measurement beams significantly reduces the cyclic 
error. Experimental results from laboratory demonstration units have shown encouraging results (cyclic 
error -67pm RMS). Calculations based on wave optics diffraction model also indicate that the diffraction in 
spatially separated measurement beams results in -10 pm level cyclic error. We have also identified a 
simple approach to reduce the beam sizes over long distances due to diffraction. 
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